Quinolone resistance is increasing rapidly in Neisseria gonorrhoeae and is a significant public health problem that requires ongoing surveillance. To examine the feasibility of molecular surveillance of quinolone resistance, and to further characterize an outbreak of resistant N. gonorrhoeae in Israel, the quinolone resistancedetermining region (QRDR) sequences and the por types of 80 N. gonorrhoeae isolates were determined using molecular techniques. QRDRs of gyrA and parC were amplified by polymerase chain reaction and were sequenced directly. The por type was determined by checkerboard hybridizations performed using oligonucleotide probes to regions encoding 5 variable loops of the porin protein. All 42 ciprofloxacin-resistant (CipR) isolates had mutations in QRDRs of both gyrA and parC, and identical mutations were found in 93% of these isolates. One intermediately resistant isolate had 1 mutation in gyrA, and susceptible isolates showed no mutations. Forty isolates had 1 of 2 por types that differed only by an in-frame deletion in variable region 5; all but 1 of these isolates were CipR. QRDR sequencing and por type determination showed that the outbreak of CipR N. gonorrhoeae in Israel was clonal. QRDR mutations were consistent with those previously characterized; this indicates that DNA probes can be developed for rapid detection and surveillance of quinoloneresistant N. gonorrhoeae in settings in which nonculture diagnostic methods are used.
been attributed to point mutations in the bacterial genes gyrA and parC, which code for the target enzymes DNA gyrase and topoisomerase IV, respectively. The loci of these point mutations are collectively known as "quinolone resistance-determining regions" (QRDRs) [18] . Previous studies have suggested that gyrA mutations are required for quinolone resistance, which was measured by increased MICs and was clinically expressed as treatment failure [21] [22] [23] .
Although mutations in the gyrA QRDR have been observed in strains that are ciprofloxacin susceptible (CipS; MIC of ciprofloxacin, !1 mg/mL), and although mutations in the parC QRDR alone have not been associated with QRNG, double mutations in the gyrA QRDR or the combination of gyrA and parC QRDR mutations is generally associated with ciprofloxacin resistance (CipR; MIC of ciprofloxacin, у1 mg/mL) [18, 19, 24, 25] . Mutations associated with intermediate resistance to ciprofloxacin (CipI; MIC of ciprofloxacin, TCCrTTC SerrPhe [18] TCCrb SerrLeu [27] 92 GCArCCA AlarPro [10] 95 GACrTAC AsprTyr [28] GACrAAC AsprAsn [18] GACrGGC AsprGly [26] GACrGCC AsprAla [8] 120 c GTGrTTG ValrLeu [11] parC 85 GGCrTGC GlyrCys [19] 86 GACrAAC AsprAsn [26] 87 AGTrATT SerrIle [26] AGTrAAT SerrAsn [16] AGTrCGT SerrArg [7] 88 TCCrCCC SerrPro [18] 91 GAGrCAG GlurGln [22] GAGrAAG GlurLys [18] GAGrGGG GlurGly [26] GAGrGTG GlurVal [28] 92 GCGrGGG AlarGly [7] 100 TTTrTAT PherTyr [11] 116 CGCrCTC ArgrLeu [19] CGCrCAC ArgrHis [7] NOTE. QRDRs are located within the gyrA and parC genes of N. gonorrhoeae. Identified substitution mutations within these regions associated with fluoroquinolone resistance are shown.
a References cited for mutations correspond to the earliest published characterizations of the mutations. b Specific nucleotide change was not specified for this mutation. c Amino acid 120 of gyrA lies outside the QRDR examined in the present study.
у0.125 mg/mL) and high-level resistance to ciprofloxacin are detailed in table 1. The emergence of QRNG has been remarkably rapid, particularly in Asia, and, since 1999, it has accounted for 150% of Southeast Asian isolates [28] [29] [30] . Analysis of variability in mutation patterns and typing characteristics demonstrates worldwide diversity of isolates, rather than the spread of a limited number of clones (table 2) . This finding contrasts with the early emergence of plasmid-mediated penicillin-resistant N. gonorrhoeae (PPNG), which was due to rapid dissemination of only 2 different b-lactamase plasmids [34] .
Initial introductions of QRNG to a community are typically the result of diverse strains having been transported, via travelers, from regions where QRNG was endemic. However, studies conducted in the United Kingdom, Australia, Japan, the United States, and, more recently, Israel, have suggested that sustained transmission of QRNG within a limited geographic region may be clonal [7, 14, [35] [36] [37] . Of importance, these studies show that rapid increases in the prevalence of QRNG are associated with a change from sporadic QRNG cases imported by travelers to endemic spread. Therefore, both the identification of resistant isolates and the characterization of strains for assessment of clonal spread are important in understanding the development, impact, and public health importance of QRNG.
Clinical laboratories are increasingly using nucleic acid amplification tests (NAATs) to diagnose gonococcal infections, and culture isolates are therefore less available. Molecular techniques for resistance surveillance and strain characterization are needed for use in conjunction with NAATs. QRDR mutations previously have been identified primarily by sequencing or restriction enzyme analysis. Restriction enzyme analysis identifies specific mutations in parC, but it only identifies the presence of mutations in gyrA [38, 39] . To fully characterize the QRDR mutations, sequencing is currently necessary. However, molecular typing methods that use alternatives to sequencing have been developed.
The por gene, which encodes the N. gonorrhoeae porin protein, is an attractive typing target because of its genetic features. The por gene has 2 mutually exclusive alleles, PIA and PIB, with antigenic diversity occurring among each of these alleles, and it is a single-copy gene that is not phase variable. We have previously reported a molecular typing method in which the variable regions (VRs) of por, which encode predicted antigenic regions of the protein, are identified using molecular probes. This method provides an approximation of the por sequence and is an alternative to the classical serovar typing of N. gonorrhoeae that uses a panel of monoclonal antibodies directed against the protein encoded by por (PI or Por) [40] [41] [42] . Although serovar typing has been used to differentiate QRNG, por VR typing has not been used previously for this purpose.
In the present study, we examined the feasibility of using molecular methods to identify and characterize CipR strains. Specifically, we determined the QRDR sequences and the por VR types of 80 isolates obtained in Israel during an outbreak of QRNG in 2000-2001 [14] . The study was undertaken to identify QRDR mutations, evaluate strain diversity, and examine the association between these molecular markers and susceptibility to ciprofloxacin.
MATERIALS AND METHODS
N. gonorrhoeae isolates. The 80 N. gonorrhoeae isolates examined in the present study represented 2 groups of isolates NOTE. Isolates with an MIC of ciprofloxacin or norfloxacin of у1 mg/mL or an MIC of ofloxacin of у2 mg/mL and for which both gyrA and parC QRDR sequences were determined are included exclusively [30] .
a Wild-type amino acids are shown, with the corresponding mutations listed below the amino acids. b Mutation patterns identified in the present study are shown in boldface. c Predominant mutation pattern found in the present study. that were obtained from January 2000 through October 2001 in Tel Aviv, Israel, and that were evaluated at the Edith Wolfson Hospital laboratory [14, 15] . Twenty-seven of the isolates were pharyngeal isolates obtained from female sex workers. Fiftythree isolates were a random sample of male urethral isolates obtained from homosexual and heterosexual men. All patient identifiers associated with the isolates were removed before analysis. The susceptibilities of 29 (36%) of the 80 isolates were reported previously: the MICs of penicillin, tetracycline, ceftriaxone, and ciprofloxacin were determined [43] , and pulsedfield gel electrophoresis (PFGE) patterns for 9 (11%) of these isolates were previously published elsewhere [14] . Strains were heat killed in PBS for 30 min at 57ЊC, were pelleted, and were shipped, at ambient temperature, to the United States for additional analysis. DNA isolation and por VR typing. Genomic DNA was isolated using the Promega Wizard Genomic DNA Purification Kit (Promega), according to the manufacturer's recommendations. For all 80 samples, por VR typing was performed using the methods of McKnew et al. [41] . In brief, the binding of oligonucleotide probes to VR encoding loops 1, 3, 5, 6, and 7 of PIB and loops 1, 2, 3, 6, and 7 of PIA was determined using checkerboard hybridization assays. For those isolates for which the PIB loop 5 type could not be determined, polymerase chain reaction (PCR) was performed using methods and primers described elsewhere [40] , and direct sequencing of the loop 5 fragment was performed as described in the "DNA Sequencing" subsection below. Hybridization results for a single VR were referred to as "VR type" and were designated according to the Por class, the VR, and the probe (e.g., PIB VR1-1 or PIB1-1). For instances in which 11 probe was bound for a single VR, each probe that was listed was separated by a comma (e.g., PIB VR6-4, 6). The "por type" included results for all VRs tested, which were listed sequentially and were separated by a semicolon (e.g., "PIB 3; 1; 4; 4, 6; 2" denoted a strain hybridizing PIB VR1-3, VR3-1, VR5-4, VR6-4 and -6, and VR7-2 probes). "Nt" denoted that an individual VR was considered to be nontypeable, by use of the current panel of probes.
Amplification of QRDRs by PCR. QRDRs were amplified by PCR performed using reverse primers and thermal cycling conditions previously reported by Deguchi et al. [38, 39] . Unique forward primers were developed using National Center for Biotechnology Information (NCBI) BLAST analysis, to increase product size and the upstream accuracy of direct sequencing reactions. The forward primer sequences were, for gyrA (NG-GYRA-Z), 5 -CAAATTCGCCCTCGAAACCCT-3 (corresponding to nt 30-50 of the gyrA gene [GenBank accession no. U08817]; the product is 368 bp in length), and, for parC (NG-PARC-Z), 5 -GCCCGTGCAGCGGCGCAT-3 (corresponding to nt 138-155 of the parC gene [GenBank accession no. U08907]; the product is 219 bp in length). PCR reactions had a 50-mL total reaction volume that consisted of 25 mL of PCR Master Mix (Promega), 22 mL of sterile water, 1 mL of each forward and reverse primer (overall concentration of each primer, 0.2 mmol/L), and 1 mL of DNA template, the extraction of which is described above. Thermal cycles included 40 cycles of denaturation for 60 s at 94ЊC, annealing for 50 s at 52ЊC, and extension for 50 s at 72ЊC, as described elsewhere [38] .
DNA sequencing. PCR products were concentrated by ethanol precipitation, separated by 1.5% agarose gel electrophoresis, and visualized with ethidium bromide staining and UV transillumination. Bands were purified using Qiaquick Gel Extraction (Qiagen). Single-stranded direct sequencing of por VR5 and QRDRs was performed using the forward primers described elsewhere [40] and in the "Amplification of QRDRs by PCR" subsection above, according to the standard facility protocol of the Johns Hopkins University DNA Analysis Facility (Baltimore, MD), utilizing the BigDye Terminator Assay on a 3700 DNA Analyzer (Applied Biosystems) Sequence analysis. QRDR and por VR5 sequences were manually compared with GenBank sequences U08817 (gyrA), U08907 (parC), and X52823 (por), to identify substitution and deletion mutations. For the present study, nucleotide sequences coding aa 91-95 in the gyrA QRDR and aa 86-92 in the parC QRDR were analyzed. The National Institutes of Health NCBI Web site was used to perform BLASTP analysis. To map the relative locations of gyrA, parC, and por VR5, NCBI BLASTN and BLASTX, accessed through the University of Oklahoma Web site (available at: http://www.genome.ou.edu/gono.html), were used to search the N. gonorrhoeae genome for the terms "parC" and "gyrA" and for the 100-bp sequence of the por VR5 region (figure 1). The GenBank accession number for the completed N. gonorrhoeae genome is AE004969. Sequences of the VR5 region of all 11 CipR PIB 3; 1; nt; 1; 3 isolates revealed mutations that consisted of 3-, 6-, or 9-bp in-frame deletions at the region homologous to the 5 end of the PIB 5-8 probe. They were otherwise identical to the VR5 sequences of 2 representative CipR PIB 3; 1; 8; 1; 3 strains, with the exception of 1 VR5-nt strain that had a single substitution mutation. One other strain in the present study was VR5-nt. This CipS isolate with por type PIB 1; 1; nt; 2; 3 had a VR5 sequence that was different, by several nucleotides, from that of all CipR VR5-nt strains, the VR5-8 probe, and the other VR5 probes (table 5) .
To identify similar VR5 deletion mutations, a BLASTP search of all nonredundant GenBank coding sequences was performed using the 14-aa-translated sequence corresponding to the VR5-8 region and each of the VR5 deletion sequences. Fifteen N. gonorrhoeae PIB por sequences in GenBank or the European Molecular Biology Laboratory (EMBL) database (available at: http://www.ebi.ac.uk/embl/) were identical to VR5-8 in their loop 5 region. No sequences were identified when the search was performed with 1-, 2-, or 3-aa deletion sequences.
Among CipR isolates, the diversity within the genetic loci evaluated in the present study differed. All 42 CipR isolates had an identical parC mutation, 39 had identical gyrA mutations, and 28 had an identical por type. Of the 42 isolates, 11 differed in por type by 1 deletion mutation, and 3 had a por type that was common among CipS strains. BLASTN analyses of the N. gonorrhoeae genome sequence OUACGT-485, for the terms "gyrA," and "parC" and for 100 nucleotides of the por PIB VR5 sequence, located these genes at positions 621,033-620,733, 1,210,596-1,212,893, and 1,789,302-1,789,401, respectively (figure 1) . Therefore, the 3 genes examined in the present study are substantially distant from each other within the genome, and, thus, they would seem unlikely to undergo horizontal genetic transformation in unison.
The por types of CipR and CipS strains were also examined with regard to the date of isolation. Strains with each of the 3 most common por types had been isolated during a period of 15-22 months. The collection dates of the isolates that were 
DISCUSSION
In the present study, we examined 42 CipR, 1 CipI, and 37 CipS N. gonorrhoeae strains that were isolated during a 22-month period in Tel Aviv, Israel, during an outbreak of QRNG. The characterization of these strains used molecular techniques and nonviable cells, which greatly facilitated the international exchange of samples during this collaboration. Sequencing of QRDRs in gyrA and parC and por VR typing were chosen for this analysis, on the basis of the findings of previous studies. Consistent QRDR mutation patterns associated with fluoroquinolone resistance and clinical treatment failure have been reported in multiple investigations [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Therefore, these QRDR mutation patterns are potential molecular markers that can be used as a tool for QRNG surveillance. In addition, reports of outbreaks of QRNG have often been accompanied by typing data, by use of the auxotype/serovar system [5, 6, 9, 37] . This system requires the use of scarce reagents on viable isolates. We used por VR typing both because of our previous experience with this method and because of our interest in examining the potential usefulness of a rapid molecular typing method to augment the identification of determinants of resistance.
In the present study, the molecular characterization of QRDRs was in complete agreement with susceptibility to ciprofloxacin, as previously determined for these strains. The QRDRs of our highly resistant isolates showed mutation patterns that were consistent with previously reported patterns (tables 1 and 2) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and all CipR isolates had у1 mutation in the gyrA QRDR and 1 mutation in the parC QRDR (table 3) . A similar combination of N. gonorrhoeae QRDR mutations at gyrA Ser91rPhe and Asp95rGly, with a parC mutation at either Asp86rGly or Ser87rArg, has been associated with high levels of resistance [3, 8, 10, 16] . In addition, Trees et al. [19] identified double-mutation patterns at gyrA 91/95, in combination with either parC 87/91 or parC 87/116, by use of restriction enzyme analysis of strains with MICs that ranged from 16 to 64 mg/mL. In the present study, the isolate that had a single mutation at aa 95 of gyrA alone had intermediate susceptibility, and the isolate that had 1 mutation at aa 91 of gyrA, with a second mutation at aa 86 of parC, was highly resistant (table 1) . These results are consistent with the hypothesis proposed by Trees et al. [19] , which indicated that, although mutations in the gyrA QRDR can afford low-level resistance, additional mutations within the parC QRDR facilitate high-level resistance to fluoroquinolones [19] .
The specific mutations seen in the strains assessed in the present study have been previously reported. The Ser91rPhe and Asp95rAsn mutation combination in gyrA has been identified in CipR strains obtained from 9 varied geographic locales; the Asp86rAsn mutation in parC has been observed in strains obtained from 11 differing geographically diverse regions, and the combination of these mutations, which was the predominant pattern among the CipR strains in the present study, has been observed in strains from China, the United Kingdom, Denmark, and Canada [3, 4, 6-8, 10-13, 16, 17, 22, 26, 31, 33] . Although little diversity was seen within this collection of strains, this illustrates the diversity of QRNG worldwide. In contrast to PPNG, QRNG have chromosomally mediated mechanisms of resistance. N. gonorrhoeae have been shown to be more easily transformed with chromosomal DNA than with plasmid DNA in vitro, and the diversity of QRNG strains may be related to this observation [44] .
Although the global diversity of QRNG is apparent, the data presented in this study indicate that, within a limited geographic region, large numbers of QRNG infections can be attributed to the spread of a single resistant clone. The location of gyrA, parC, and por in the gonococcal genome makes it almost impossible that the 3 genetic markers could transform together. More than 93% of resistant isolates in the present study, for which the dates of isolation extended over 22 months, were very similar at all 3 regions examined, and 164% of isolates were identical. The parC QRDR was identical in all CipR strains, whereas the gyrA QRDR was identical in 39 of 42 CipR strains, suggesting that the rate of mutation in gyrA may be higher than that in parC.
As expected, por was the most variable genetic locus in the present study. Por is a surface-exposed antigenic protein, and the PIB protein, in particular, has been shown to undergo positive selection for variation in the surface-exposed loops [45] . Twenty-eight of 42 CipR strains had the same por type, whereas 11 of 42 strains differed on the basis of a deletion mutation in VR5. The codon-restrained deletion mutations found in the loop 5 VRs of the PIB 5-nt isolates were not expected. Porin variation has been attributed to both point mutations and horizontal genetic exchange involving either the entire por gene or portions of the gene [45, 46] . In the present study, only 1 point mutation was seen among the 13 VR5 regions sequenced from CipR strains. Horizontal genetic exchange of the entire por gene may explain why 1 CipS isolate had the common resistant por type and why 3 CipR isolates displayed the por type common among CipS isolates. No evidence of mosaicism resulting from the horizontal genetic exchange of portions of por was seen among these strains, in contrast to the findings of previous studies of por variation over time [46] . Deletion or insertion mutations within VR5 are evident in multiple-sequence analysis of this region [40] . However, these mutations occur in conjunction with additional nucleotide differences, suggesting an event in the evolution of por variation that is more distant than that observed in the present study.
The VR5-8 sequence appears to be widely distributed in N. gonorrhoeae, because examples of this sequence in GenBank include strains from Kenya, Europe, and the United States (including historical isolates from Washington, D.C., and recent isolates from Maryland and North Carolina [45] [46] [47] [48] [49] ). This sequence is present in strains MS11 and P9, which have been frequently used in laboratory research [27, 50] , and no reports of deletion mutations similar to those observed in the present study could be found. These changes may be associated with prolonged persistence of a CipR clone, and the possible association between these types of mutations and quinolone resistance warrants further investigation.
It is possible that por may have a direct effect on quinolone resistance. A variety of serovars have been reported among QRNG, suggesting that the identification of a common por type in the present study is the result of strain relatedness only. However, the penB locus, which results in increased resistance to penicillin and tetracycline, has been mapped to the loop 3 region of por [49, 51] . Olesky et al. [51] found, at aa 120 and aa 121 of PIB por, specific mutations that accounted for the increased resistance associated with penB. Although the region of loop 3 identified in the present study is downstream of the penB locus, all por sequences in GenBank that have penB mutations also have the same VR3 sequence type (VR3-1) as do the CipR strains reported here.
Overall, the transmission of a clone with resistance markers within a socially and geographically defined region will allow for studies of the molecular evolution of this strain over time. Additional analysis of strains obtained both before and after the strains examined in the present study were obtained may provide additional insight into the molecular epidemiology of CipR N. gonorrhoeae.
The present study also has important implications for public health. Recognition of early endemic QRNG as a clonal event suggests that control efforts similar to those used in other outbreaks of infectious disease could be considered [52] . Rapid identification of endemic transmission of QRNG within a community, combined with tools that identify strain and resistance markers, could allow a redirection of resources to identify and treat contacts and extended networks. Given the widespread use of ciprofloxacin for the current treatment of N. gonorrhoeae in the United States and other countries, this approach would be well justified.
The use of molecular methods in the present study supports the idea that tools necessary for rapid identification of resistance and strain type can be developed. The typing and sequencing methods used in the present study, as described, could be completed within a week of the time that isolates were obtained. por VR typing is most efficiently performed using groups of 20-40 isolates. Further adaptation of these methods, by use of technologies designed for rapid DNA identification, could reduce the time requirement to 1-2 days and could allow for either larger numbers of samples or individual samples to be processed.
The QRDR mutations observed in the present study are consistent with previously reported mutations in gyrA and parC associated with QRNG. We used nonviable cells, avoiding concerns about international transport of pathogenic organisms. In ongoing studies, we have adapted por VR typing for use with noncultured clinical samples, and we expect that similar adaptations can be made for identification of QRNG mutations. Therefore, molecular methods for the detection of QRNG can be developed for use in conjunction with NAATs, which will significantly reduce the amount of processing time needed for analysis of samples.
Although further development of molecular surveillance techniques will be required to account for the emergence of new resistance-associated mutations, current hybridization methods, such as those used in this and other studies, might be further streamlined to facilitate rapid and inexpensive identification of resistance and strain type. These techniques may prove essential in analyzing outbreaks, defining gonococcal social networks, and controlling antibiotic resistance.
